INTRODUCTION
Sir Ronald Nyholm spoke in 1956 on the ~'Renaissance of lnorganic Chemistry," the occasion being his inauguration to the Chair of lnorganic Chemistry at U niversity College, London. His lecture, a mixture of observation and prediction, stressed that a vitalization was occurring in the field of inorganic chemistry as modern ideas and techniques were being brought to bear. Both observation and prediction were correct. As an example relevant to the present paper, the understanding of the reaction kinetics of coordination compounds has matured enormously since 1956. For a long time the impetus seemed to come mainly from the ideas of organic reaction kinetics, especially the Ingold school of classification of reactions as SN 1, SN2, etc. Now, however, coordination chemists have developed their kinetics into a mature subject having its own special aspects and sophistications.
The photochemistry of coordina tion compounds seems to be following a course of development rather similar to that of reaction kinetics. With both subjects, there has been a good deal of early qualitative and semi-quantitative Iiterature to serve as starting points. lncluded in both cases have been excellent, but rather isolated quantitative studies. Photochemistry, however, differs from kinetics in representing a secondary or even tertiary stage of scientific development. It is difficult to make sense of the subject without knowing the electronic nature of the excited states first produced by the absorption of light, and to what other states the primary ones may be converted. Nor is it easy to assay the chemical nature of an excited state through its photochemical reactions without some understanding of the mechanism of the ordinary or thermal processes. Thus photochemistry rests both on excited state theory and on chemical kinetics as foundation disciplines. It is therefore no accident that the photochemistry of coordination compounds has marked time somewhat until these other aspects have reached a certain stage of development. The growth of ligand field theoryl, 2 and its ability to account for much of the visible absorption spectroscopy of complexes now permits at least some description of the nature of the excited state produced in a photochemical situation, and, increasingly, some appreciation of whether it may be this or some lower lying state that is the actual precursor to chemical change. The great amount of information on mechanism and systematics of chemical reactions now available3 permits detailed comparisons between photochemical and thermal reaction courses. Finally, the emergence of organic photochemistry as a major contemporary field ofstudyis providing much the same stimulus to the inorganic field as happened with kinetic studies. We are now at a stage similar to that of reaction mechanisms a few years ago; what is happening is, however, not so much of a renaissance as a naissance of inorganic photochemistry. It is an exciting period.
The present paper will deal rather heavily with the work in our laboratories; this is partly because of the context of this publication and partly because of limitations of space. There are now several reviews on the subject3, 4, 5, 6, 7 to make up for this deficiency. The general theme of this paper is, I believe, an important one, namely the chemistry of excited states of coordination compounds. As part of developing it, a brief introduction is given to the nature of excited states and excited state processes and to the types of thermal reactions and their mechanisms. Evidence will then be assembled which suggests that each major type of excited state is associated with a characteristic photoreaction and, further, that even states within the same, related family can show distinct specificities. In closing, some brief remarks will be made about what promises tobe an important development -that of intra-and intermolecular energy transfer.
Electronic states of coordination compounds. There are at least four major classes of excited states to be considered. These are: Ligand Field (LF), Charge Transfer (CT), Internat Ligand, and Delocalized Chelate Ring. Ligand Field excited states are the best known and best understood; they arise, of course, frmn the partiallass of degeneracy ofthe metal d-orbitals in the point group symmetry of the complex (as determined usually only by those atoms directly bound to the central metal atom). The energy of the various states may be plotted against crystal field strength, as is clone in Figures 1 and 2 for the important d3 and d6 cases. Where bonding aspects are recognized, a molecular orbital approach is used, such as that shown schematically in Figure 3 . As a matter of convenience, the principalligand field bandswill be Iabelied L 1 , L 2 , etc., in order of increasing energy. Bands corresponding to transitions involving a change in spin multiplicity will be given a different Iabel, such as D (for doublet) in the case of4A2g-,)-2Eg for Cr(III). There are thus Laporte forbidden (L) bands and spin forbidden bands; the latter are much less intense than the former, in the case of first row transistion elements, but may be of comparable intensity in the case of second or third row transition elements.
If only a bonding is considered, the L transitions may be regarded as from a a non· bonding to a a antibonding orbital. However, ligands may be 7T as weil as a bonded to the cen tral metal a tom, as indica ted in Figure 3 . The L1 transition may now be from a 7T orbital to a a antibonding one, as shown by the solid arrow, and the meaning of the crystal field parameter 10 Dq may no Iongerbe simple. Further, the excited state may involve an electron in a 7T' antibonding orbital of a Iigand, as has been suggested for Cr(CO) 6 and Co(CN) 6 3-_8,9 Charge transfer bands usually occur at higher energies than the Iigand field ones, but may overlap with the L2 band. The transitions are of high extinction coefficient (1 03-105 M -1 cm -1) and are considered to be allowed (g to u in Oh symmetry). There are two basic types of CT transi tions: those in which electron density has moved towards the central meta! atom, or CTTM (charge transfer to meta!), and those in which the density has moved outwards. The transfer may then be from the meta! to the Iigand, or CTTL, or from either a Iigand or the complex as a whole to the solvent, or CTTS.
The remaining two classes of excited states are perhaps more special and less understood, at least in detail. Transitions characteristic of the isolated Iigand may still be observed in a complex containing that ligand, but often with some shift in wavelength. Finally, ligands occupying two or more coordination positions thereby form a ring containing the central metal atom; the rings of such chelate complexes may have delocalized excited sta tes of their own. 
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The first three types of transitions are illustrated by the spectrum of Cr(NH 3 )5(NCS) 2+, shown in Figure 4 . The CT band lies at an almost inaccessibly short wavelength; it is followed by an absorption at 305 mp. which seems to be characteristic of the thiocyanate ligand, and then by a series ofLF bands, the Iongest wavelgnth feature ofwhich is attributed to the above mentioned transition to the 2Eg state. In the case of Co(NHa)63+, shown in Figure 5 , the CT band has moved towards the visible, and with the series of Co(NHa)5X2+ complexes, given in Figure 6 , it may encroach heavily on the L bands.
Excited state processes. It might be thought that knowledge of the excited state associated with a given absorptionband would then identify the photochemically reacting state. However, an excited state mayundergo a radiationless deactivation or internal conversion either to the ground state or to another of the same system. For example, irradiation of the L2 band of a Cr(III) complex to give the 4T lg state may be followed very quickly by internal conversion to the lower lying 4 T2g state. Thus it must be recognized that the photochemical reaction does not necessarily occur from the state immediately produced by the light absorption process. Also, a distinction must be marle between a "bot" state and a thermally equilibrated one. The excited state, when first generated by absorption of a light quantum, may be in a high vibrationallevel. This is usually the case with coordination compounds, as evidenced by the broadness of the absorption and emission bands, and, where observable, the red shift ofthe latter relative to the former. As a now dassie examplelO, 11, the combined emission and absorption spectra of Cr(urea)63+ are shown in Figure 7 . The accepted explanationisthat the transitions obey the Franck-Condon principle in that the most favoured ones are to vibrationallevels such that the mostprobable nuclear positions are not much different from those in the ground state. If a transition terminates on a high vibrationallevel of the excited state, the ilnplication is that the zero vibrational Ievel is one of significantly different geometry from that of the round state. An excitation thus usually produces a hot molecule, which then rapidly thermally equilibrates. Interna! conversion and intersystem crossing processes are thought to be slower than, and hence to follow, such thermal equilibration. Again radiationless deactivation, especially back to the ground state, will very likely produce a hot molecule. I t is thus possible for chemical reaction to occur during the thermal equilibration either of an excited state or of the nascent ground state following deactivation.
These processes are illustrated in Figure 8 . The various thermally equilibrated excited states are shifted laterally relative to the ground state as a reminder that they may be distorted relative to it or even be of basically different geometry. As indicated by the full lines, absorption and emission are in general to upper vibrationallevels; the dashed lines indicated possible radiationless transitions. Certain of these last definitely can occur, but it is not known for sure whether intersystem crossing between CT and LF states is important, although this has been proposed.12 With the exception of Cr(III) relatively little is known about ligand field spin forbidded states, and even less about spin forbidden CT states, although these in principle exist and have been discussed theoretically.l The above brief presenta tion outlines some of the difficulties in associa ting a particular photochemistry with a particular excited state. If, for example, the quantum yields and reaction mode are the same for irradiation of an L 2 and an L1 band, this could mean that both excited states have the same chemistry, or it could mean that the L 2 state converts rapidly and efficiently to the L1 state, and that the reacting species was the latter in both cases.
Where, however, two or more reaction modes are observed, and their ratio changes with wavelength, then it seems reasonable to assume that at least two types of excited states are functioning as direct precursors to chemical reaction. Much of what follows will stress the importance of studies of this type.
CHARGE TRANSFER STATES
CTTM vs LF states. It has been recognized for some timethat CT bands might preferentially be active towards photoredox decomposition13 (also ref. 14) , and, in the main, this expectation has been borne out. As illustrated in Table 1 , Co(III) amine complexes undergo a fairly efficient photodecomposition to Co(II) and oxidized amine if irradiated in the regimi of the first CT band, but are rather insensitive to light in the region of the L bands. Thus for Co(NH 3 )63+, cfo is less than 2 X 10-3 for340m,u to 500m,ulight,15and similarly, there is no definite evidence for any photolytic reaction of Co(en 3 )3+ 16, 17 in this wavelength region. Redox photolysis yields are fairly high, however, at 254 ffiJ.L. In addition to Co(II), nitrogen is produced in the case of Co(NHa)5(H 2 0)3+ 16. while with Co(en)a3+, ammonia and formaldehyde were found, but no nitrogen.17 I t has been suggested that the primary act is one of transfer of an electron to the cobalt, leaving a positive nitrogen atom. With the more complex amines, that carbon-carbon bond beta to the nitrogen atom then undergoes cleavage. 18 Complexes of the type Co(NH 3 ) 5 X2+ present a fairly consistent picture. As illustrated in Figure 6 , all of this family show a first Iigand field band around 500 mf-1-to 550 mf-1-, and a second one a t around 350 mf-t, unless hidden by a CT band. The photochemical behavior at 370 illf-1-changes as the CT band moves towards the visible; thus no redox photolysis occurs with X = NHa, S04, or Cl, while with X = Br, N0 2 , NCS, Na, and I, the proportion of photoredox reaction increases from 50 per cent to 100 per cent with a trend towards increasing quantum yields. I t seems clear that the CT excited state is responsible for the redox mode of reaction; irradiation of the L1 band leads primarily to aquation of the acido group, in low quantum yield.
Somewhat similarly, Fe(III) complexes of the type FeX2+ also undergo photoreduction to Fe(II) ifirradiated around 254 mp, to 313 mp,, the region showing a CT absorption. Thus the quantum yield for FeCl + is 0·13 at 313 mp, and that for FeNa2+ is 0·5 at 300 mp,.l9 The aqueous ion itself gives Fe(II) and OH radical at 254 mp,.20
Contrariwise, Cr(III) complexes, whose first CT bands lie deeper in the ultraviolet than those of Co(III) or Fe(III) species, show little if any photoredox decomposition at the usual wavelengths. However, flash photolysis of Cr(CN)63-in the quartz ultraviolet appears to give products derived from a redox decomposition21, and such decomposition of Cr(C20 4 )33-at 254 mp, has been c laimed 22.
CTTS vs. LF states.
An interesting photolysis reaction is that of electron production, illustrated bythe caseFe(CN)64-23-26. Process (1) occursmainly (1) below about 300 mp,, however, or in the region of a first CT band, now taken tobe CTTS or CTTL in nature; at Ionger wavelengths, no hydrated electron production occurs, but photoaquation instead.27, 28 Quantum yields are
high for both photolysis modes, at their respective wavelengths, and the shift from predominantly reaction ( 1) to predominantly reaction (2) provides a strong indication of the photochemical specificity of the CTTS and LF states. Photoelectron production has been observed for other cyano complexes, and also for lrCJ 6 3-29, and these results are summarized in Table 2 . Photoelectron production or at least closely related processes have been observed in a number of systems not involving coordination compounds of the type emphasized here2 4 , including simple aqueous ions such as X-or Mn+. For example, Fe2+ shows what appears to be a CTTS absorption around 240 mp,, and irradiation at 254 mp, produces Fe(III) and hydrogen3o. 
Some complications. It might be inferred from the foregoing that irradiation of a CT band produces solely one or another type of redox decomposition. This is not always the case. Thus in the Co(NHa)5X2+ series, appreciable amounts of photoaquation may accompany the redox decomposition; data illustrating this are included in Table 1 , for the case of Co(NHa)5Br2+. At least two types of explanation are possible. The first is that the irradiation produces both CT and LF excited states which separately undergo their preferred reactions, while the second is that the two reaction modes are alternative secondary consequences of a common primary chemical act.
The second explanation has been proposed as the correct one.15 The primary act was considered to be one of a homolytic bond fission to give a ·nascent Co(NH 3 ) 5 2+ fragment and an X radical. The fragment and the radical might then recombine, nullifying the reaction; or the fragment might transfer an electron back to the radical, and then acquire a solvent molecule to become Co(NHa)5(H20)3+; or the radical might escape the solvent cage entirely. This last alternative, which Ieads to the net redox decomposition, definitely occurs, since halogen atoms have been observed in the flash photolysis of such complexes. (See ref. 21 .)
The implication of the above mechanistic proposal is that photoaquation occurs by a different mechanism if a CT band is irradiated than if an L1 band is irradiated, and direct evidence for this has been obtained31. The complex trans Co(en) 2 (NCS)Cl+ may photoaquate either the thiocyanate or the chloro group, and the ratio of the two modes of aquation is 0·2 if the first CT band is irradiated, but rises to 0·6 if the L1 band is involved. In the thermal reaction, only chloride aquation occurs. The total yield for Co(II) production is 0·0087 at 385 mfL, and the complete photolysis scheme, based on the cage mechanism, appears to be:
As might be expected from its greater electronegativity, homolytic fission of the Co-Cl bond occurs only 7 per cent of the time, and then with 100 per cent electron return to give the aquothiocyanato product.
The first of the original two alternatives may possibly also occur. Arecent paper32 proposes that 254 mfL irradiation of Co(NHa)5Na2+ Ieads both to Co(II), nitrogen, and to Co(NH 3 ) 4 (H20)N 3 2+, which does suggest either two independent reaction modes or at least a more complex cage reaction than originally envisaged.
In the cases of Mo(CN)s4-, W(CN)s4-and Ru(CN) 6 4-, it appears that some photoaquation occurs along with photoelectron production29, but it is not known whether parallel or competitive reaction paths are involved. PtC16 2 -undergoes photoexchange with chloride ion with quantum yields which can greatly exceed unity, and a chain mechanism involving Pt(III) has been proposed33; similar observations or conclusions have been made in the case of PtBr62-.14 In both cases photoaquation also occurs34, 35 and again it is not certain whether the two types of reactions proceed through common or separate mechanisms. Conversely to the above exam.ples, it appears in some cases that irradiation of an L band Ieads mainly to photoredox decomposition. This is true of certain oxalato complexes, such as Mn(C204)33-and Co(C204)a3-which undergo exclusively photoredox decomposition even at wavelengths corresponding to what appear to be fairly normal Iigand field bands. Thus for the latter complex, the L1 and L2 bands are at 596 mp, and 420 mp,, respectively, with extinction coefficients of 165 and 218; yet only photoredox decomposition occurs at 450 mp, irradiation, and with the fairly high quantum yield of 0·1236. It has been suggested that in these cases an intersystem crossing to a CT state occurs.l2
Summary. In summarizing this section it does appear that CT excited states are fairly specific in leading either to reduction or to oxidation of the central metal ion, in accord with their assignment as CTTM or CTTS (CTTL). I t is surely no accident, however, that complexes having a CT state in the near ultraviolet are also ones for which the associated photo-redox product is not an unreasonable one chemically. In some cases, the corresponding thermal reaction is known, as with Mn(C204)33-, Co(C204)33-and Co(NHa)sJ2+, while in other cases, such as those involving photoelectron production, the CT band shifts towards Ionger wavelengths and the quantum yields a t 254 mp, become !arger, the smaller the E 0 for reaction ( 1) and the corresponding reactions for the other metals. The question can be asked, then, as to whether CT excited states really have a specific chemistry or whether it is merely a catalysis of a spontaneaus or almost spontaneaus thermal reaction that is occurring. Perhaps the best answer is that in nearly all of these cases, Iigand substitution is energetically easier than redox decomposition, yet is not the favoured reaction. Specific examples would be Fe(CN)64-and Co(NH3)sßr2+. The same point also provides an argu~ ment that an excited state rather than a hot ground state reaction is involved; in the latter case it would seem more likely that the energetically favoured substitution reaction would predominate. Clearly, however, more studies are needed on systems that show concurrent photoredox and substitution reactions.
LIGAND FIELD STATES-CHROMIUM(III) COMPLEXES
General observations. As a rule, irradiation of a Iigand field absorption band Ieads to substitution or substitutiontype reactions. This has been true of all of the numerous Cr(III) complexes that have been investigated, as weil as for Pt(II) square planar complexes, and for the scattering of other transition metal compounds that have been studied. The Cr(III) family is taken up in detail below; in the case ofPt(II), examples includetheseriesPt(NH3)nCI~=~ There is an interesting contrast between Co(III) and Cr(III) compounds. Both familiesundergo only photoaquation if LF bands are irradiated (with the apparent exception of Co(C204)33-already noted), but in the case of Co(III) the quantum yields are extremely low (see Table 1 ) while those for Cr(III) are generally above 0·1. A possible reason for this difference in behavior will be mentioned below. Also the exceptional behavior of Co(III) cyano complexes is discussed in section 4.
Finally, the Cr(III) family is undoubtedly the best studied of the transition metal coordination compounds. There is a large variety whose preparation and thermal reaction chemistry are well understood, and the absorption bands in the visible are uncomplicated by any encroachment of a first CT band, as so often happen with the Co(III) analogues.
Ligand Field excited states for Cr(/11) complexes. The term states for an Oh, d 3 system as given by crystal field theory are shown in Figure 1 . There is a series of quartet excited states, and a low lying cloubiet state, 2Eg. Accordingly, Cr(III) complexes typically show at least two quartet-quartet transitions, usually in the visible, and at least one spin forbidden transition, but sometimes poorly resolved. A typical spectrum is shown in Figure 9 . The L1 band is assigned to the transition 4A2g-+ 4T2g, and the energy corresponding to the band maximum has been interpretedl, 2 to give directly the crystal field parameter 10 Dq, and thus the position of the Iigand in the spectrochemical series: CN-> en > NHs > NCS-> H20 '""C2042-> urea > Cl-. The molecular orbital treatment shows the electron in the first two quartet excited states tobe in a sigma antibonding Ievel. The lowest doublet state involves only spin pairing within a nonbonding set of orbitals, and understandably, the transition 4A2g-+-2Eg is relatively insensitive in energy to the type of ligand43.
Low temperature emission studies characteristically show a phosphorescence in the red, of half-life about I0-3 sec, due to emission from the doublet state; the emission is but little shifted from the position of the absorption band, which suggests that the quilibrium ground and excited state geometries are very similar. A few Cr(III) complexes have exhibited fluorescent emission, as in the case of Cr ( urea) 63 +, shown in Figure 7 . This emission, ARTHUR W.ADAMSON 60. -------------------------------~--- corresponding to the transition 4 T2g-+-4Azg, is broad and considerably shifted to the red relative to the absorption band. The 4T 2 g state is thus strongly distorted, possibly to another symmetry group. Emission, after thermal equilibration, would then be to high vibrationallevels of the ground state, hence the large red shift. It has been suggested that to observe fluorescence, the equilibrated 4T 2 g state should lie below the 2Eg state, and that this is more apt to be the case with ligands low in the spectrochemical series44. The general scheme of possible thermal equilibration, deactivation, etc. processes is shown in Figure 10 . Photochemistry of Cr(III) complexes. As noted above, the complexes are in general quite photosensitive, with quantum yields of 0·1 to 0·5 for light in the visible. One observation is that the yields tend to increase with the position of the Iigand in the spectrochemical series, as illustrated by the data in Table 3 . A tentative rationalization of this trend is that in a quartet excited state an electron occupies a sigma antibonding orbital. The resulting bond weakening may simply be greater the higher the energy of the L1 transition, so that chemical reaction competes increasingly with deactivation processes.
The reaction photochemistry of the Oh complexes could be explained on the basis of a prompt heterolytic bond fission, following excitation, but further sturlies indicate that not only are specific excited states probably PHOTOCHEMISTR Y OF SOME COORDINATION COMPOUNDS involved, butthat they have a reaction chemistry that is not necessarily the same as the thermal one. Thus in the case of Cr(NH3)5(NCS)2+, thiocyanate aquation is the predominant thermal process, while ammonia aquation is the predominant photochemical one, as detailed in Table 445 . With less symmetric complexes, more drastic photospecificities appear; for example, the principal thermal reaction of cis Cr(en)2(0H)2+ isthat ofisomerization, while both this and aquation are important photochemically46. For both complexes, the quantum yield ratio for the two reaction modes involved is found to change with wavelength, according to whether the L2, L1, or cloubiet region is irradiated, and also with temperature, especially in the second case. The diagnostic nature of the experiments just cited should perhaps be emphasized. A mere variation of quantum yield with wave-length of irradiation does not necessarily mean that different excited states are direct precursors to chemical reaction. Here, however, the ratio of reaction modes is wave-length dependent so that different immediate precursors to reaction must be involved. These are assumed here tobe different excited states. NCS- Some twenty Cr(III) complexes have been investigated, and the preferred photolysis mode can be predicted by means of the following rules47. First, the complex is regarded as roughly octahedral, so that the ligands can be thought of as occurring in pairs at the ends of three mutually perpendicular axes. One then compares qualitatively the average Iigand field strength of each axis, and the first rule is that the axis of weakest average Iigand field 5·0  0·024  0·39  0·019  0·42  25·0  0·030  0·46  0·021  0·48  0·018  0·15  45·0  0·040  0·53  0·024  0·53  E<b>  2·2  1·4  1·0  0·8 (a) The quantities given are the quantum yields for photoaquation ofthe indicated Iigand, with light ofindicated wave-length. The three wave-lengths correspond to the L 2 , L 1 , and D bands. (b) Apparent activation energy in kcal/mole. strength is the one activated. Thus, for example, trans Cr(NHa)2(NCS)4-should preferentially photoaquate a thiocyanate, while Cr(H20)5(NCS) 2 + should preferentially photoexchange solvent and therefore show little photoaquation of thiocyanate. This is what is actually observed, the respective quantum yields for thiocyanate release being about 0·3 4 8 and 2 X 10-5.49 This rule can be accounted for if it is assumed that, irrespective of which quartet band is irradiated, rapid internal conversions drop the complex to a lower lying quartet excited state in which the antibonding electron is directed along the weak field axis. Such splitting of the 4 T2g state in complexes of lower lthan oh symmetry is expectedl, 2, 50.
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I t may happen that the axis of weakest average ligand field strength contains two different ligands, as in the case ofCr(NHa)5(NCS) 2 +. A secend empirical rule now specifies that the ligand of greater ligand field strength will be the one preferentially displaced. In the above example, then, ammonia photoaquation should be preferred, and likewise in the case of Cr(NHa)5Cl2+, as is observed. This secend rule may be justified slightly by analogy to the oh complexes, for which quantum yields tend to increase with Iigand field strength, which suggests that the presence of an antibonding electron has a greater labilizing effect the greater the field strength of the Iigand involved.
Possible photo(ysis mechanisms. The rationalization of the first photolysis rule Ieads to a further question. Since the D band lies at a lower energy than does the L1 band, should not inter-system crossing occur to leave the complex in the 2E2g state, with chemical reaction occurring only at this point? This sequence has in fact been proposed51, 52; it is attractive in several ways. First, the cloubiet state, like the triplet states of organic photochemistry, should be long-lived relative to the quartet states insofar as emission lifetimes are concerned, and hence likely to make a good reaction intermediate. Second, the spin-pairing has freed an orbital so that ligand substitution via a seven coordinated intermediate should require little activation energy (see also 53). Finally, the near wave-length independence of quantum yields for the oh complexes is explained if, in addition, all inter-state conversion efficiencies are high.
While the cloubiet intermediate mechanism may be important for the Oh family of complexes, it does appear necessary to suppose that reaction occurs from excited quartet states in the case of at least some of the unsymmetric complexes, i.e. in the instances where the ratio of two reaction modes is wave-length dependent. This in turn implies that the quartet to cloubiet inter-system crossing is not always fast compared with the chemical reaction of the excited quarter state. An explanation forthislast conclusion may be developed as follows. First, it has been found, in the previously mentioned caseof Cr(urea)63+, that there is a considerable red shift of the fluorescent emission, indicating that the quartet excited state is considerably distorted relative to the ground state. As suggested in Figure 10 , it is then possible that the thermally equilibrated 4 T2g state may actually lie below the 2Eg one and thus be the practical terminus of the cascade from one state to another.
To emphasize the matter of excited state distortion, the 4T2g state is shown in Figure 10 as a pentagonal pyramid. lf it is assumed that a solvent molecule ARTHUR W.ADAMSON is coordinated during the thermal equilibration to give a pentagonal bipyramid, then a simple crystal field calculation is available. It turns out that the crystal field stabilization energy for pentagonal bipyramidal geometry is 5·8 Dq,54 as compared to one of only 2 Dq for the 4T 2 g state in octahedral geometry. On this very simple basis, the distorted state is the more stable by 3·8 Dq (or 17 kcal/mole in the case of Cr(urea)6 3 +). The Jahn-Teller theorem provides another basis for predicting that, in principle, some excited state distortion must occur. The corresponding calculation for a d6 system gives only 1·6 Dq, and it may be that Co(III) complexes show much less excited state distortion than do Cr(III) ones. If, as a consequence, radiationless deactivation processes are faster for the former, this might account for their low photoaquation quantum yields. We also have the seemingly paradoxial situation that while the L1 band lies at a higher frequency than does the D band, the energy of the thermally equilibrated 4T 2 g state may be lower than that of the 2Eg state. This point serves to em phasize the grea t danger in j udging the energies of various exci ted states from the positions of absorption maxima.
The full situation is yet more complicated. At room temperature Cr(III) complexes do not emit, so that the photochemical reaction that occurs must be in competition with radiationless deactivation processes. Some studies in this Laboratory55 and at the University of Arizona56 have suggested that the radiationless deactivation which competes with the phosphorescence (i.e. emission from the 2Eg state), Leads to the photolytically active state, i.e. corresponds to process k in Figure 10 . There is thus another, although indirect line of support to the conclusion that quartet excited states can be direct precursors to chemical reaction.
Another a pproach is to examine wha t ha ppens if the D band is irradia ted directly. The experiment is sufficiently difficult, because of the weak absorptions, that few results exist, We found 4 8 no signi:ficant change in quantum yield in the case ofCr(NH 3 )s3+, but a drop in yield and the highly significant change in the ratio of reaction modes, in the cases of Cr(NHs)s(NCS)2+ ( Table 4 ) and cis Cr( en)2(0H) 2 +. The results are thus somewhat inconclusive in the case of the Oh complex, but clearly indicate that the 2Eg state has its own reaction chemistry in the case of less symmetric complexes.
In summary, while there is a good deal of controversy about the exact sequence of events which Iead to Cr(III) photolyses, our own conclusions are the following:
(a) Oh complexes for which the thermally equilibrated 4 T2g state lies above the 2Eg state possibly do photolyze extensively through the latter; Cr(NHa)s3+ is a likely example.
(b) Other Oh complexes, and possibly all of the less symmetric ones photolyze largely through excited quartet states, with different quartet states providing different photochemical paths in the case of very unsymmetric complexes.
CARBONYL (AND CERTAIN CYANO) COMPLEXES
The simple carbonyl complexes appear uniformly to be quite photosensitive. Thus for Cr(C0)6 (and the Wand Mo homologues) the quantum yield at 366 m/J-is unity57' 58 for the process PHOTOCHEMISTRY OF SOME COORDINATION COMPOUNDS hv Cr(C0)6 -----7 Cr(C0)5 + CO (4) The pentacarbonyl fragment may then react with other bases to give products ofthe type Cr(C0)5B; it is, however, sufficientlystable tobe observed as an intermediate. Interestingly, in a low temperature (77°K) hydrocarbon glass, the infrared spectrum of Cr(CO)s corresponds to square pyramidal geometry, but, on warming to the softening point, the geometry changes to trigonal bipyramidal.59, 60 This observation, incidentally, lends encouragement to the hypothesis discussed above that the thermally equilibrated quartet excited states of Cr(III) complexes may have a distinctly non-Oh geometry.
A number ofsubstituted carbonyls and arene complexes have been studied (see refs.4-7); these are likewise in general quite photosensitive. The photochemistry ofthe carbonyls and related complexes has been approached so far mainly from the point of view of preparative chemistry, and it is not yet known whether the various absorption bands are differently photoactive.
There is an interesting parallel between Cr(C0)6 and the isoelectronic Co(CN)63-. This last species appears to undergo a photoreaction analogaus to reaction (4), to give Co(CN)52-, which is then scavenged competitively by water and other anions present. 61 The sameintermediate has been postulated to be involved in the thermal anation reactions of Co(CN)s(H 2 0) 2+ ion.62 As a complication, it turns out that fairly high anion concentrations are needed if they are to compete with water for Co(CN)s2-, and that ionpairing by the cation of the added MX electrolyte plays an important role in the mechanism.
INTER-AND INTRAMOLECULAR EXCITATION ENERGY TRANSFER
A phenomenon that has been the subject of considerable investigation in organic photochemistry is that of excitation energy transfer. Much of this background is covered in a recent monograph63 and need not be reviewed here in any detail. An important type of process is that whereby a photochemical reaction is sensitized by some added species. For example, a number of compounds have been found to sensitize the racemization of trans-stilbene,64 the explanation being that an excited singlet state of the sensitizer undergoes intersystem crossing to produce an excited triplet state, which then interacts with the trans-stilbene to produce its triplet state.
There are some analogies between the singlet and triplet states of organic molecules and the quartet and cloubiet excited states of Cr(III) complexes and similar energy transfer processes might be expected to be possible. A recent report confirms this expectation. Irradiation of crystalline Cr(urea)6-Cr(CN))6·3 H 2 0 at liquid nitrogen temperature with 580 ffiJ-L and 435 m/L light Ieads to emission characteristic of the cloubiet state of Cr(CN)63-.65
The irradia ting light corresponds to the L 1 and L2 bands of the Cr ( urea) 63 + ion, so that some form of excitation energy transfer occurs, although it is not certain whether the transfer is from the 2Eg state of the cation to produce that of the anion, or occurs directly from quartet excited states of the cation to give cloubiet excited states of the anion. Excitation energy transfer from benzil to Cr(III) complexes has also been reported recently.66 As a pre-liminary observation, it also appears that organic sens1t1zers induce aquaion of aqueous reinecke salt, trans-Cr(NHa)2(NCS)4-, and Cr(NHa)s (NCS)2+. 67 In the case of Co(III) complexes, there are now sets of singlet and triplet excited states, and again the possibility arises that excitation energy transfer involving organic molecules might be possible. Indeed, certain chelates have been reported to quench the fluorescence of organic singlet triplet excited states 68 • 6 9 Wehave recently found a similar effect in that Co(NH 3 ) 6 3+ quenches the phosphorescent emission of biacetyl, as demonstrated by the emission spectra shown in Figure ] ]. 70 That this is not merely some catalyzed deactivation of the biacetyl triplet state but an actual excitation energy transfer is indicated by the fact that photodecomposition of the complex occurs, to give Co(II). Table 5 lists the several other sensitizers found to induce photoredox decomposition, either of Co(NH3)63+ or of Co(NH3)5(H20) 2 + (chosen in some cases because ofits greater solubility in the mixed aqueous-organic solvents needed to dissolve the sensitizer). The results of some quantitative experiments with the benzophenoneCo(NH3)63+ system are summarized in Table 6 . The dependence of the where Sand T denote the singlet ground state and triplet excited state ofthe sensitizer, the latter produced in quantum yield cp. In the present case, C, the concentration of complex, diminishes with time, but assuming a stationary state condition for T, i.e. d Tfdt = 0, one obtains 1/c/Jobs = 1/cp + (k1/k2cp) (ß/Co) (8) where ß is given by [Co/(Co-C)] ln (Co/C). The data of Table 6 are plotted according to equation (8) in Figure 12 , from which one obtains the values of unity and 0·013 for c/J and k1/k2, respectively. If k2 is taken tobe the diffusion limited, its value should be about 6 X 109M-1 sec-1, from which k 1 is concluded to be about 8 -107 sec-1. This is close to triplet state life-times reported for benzophenone71. Dissolved oxygen also quenches the benzophenone triplet state, and the above k value is a preliminary one pending further study. (The benzophenone triplet state can also undergo chemical reaction).
A very interesting aspect to even the qualitative observations is the following. As shown in Figure 13 PHOTOCHEMISTRY OF SOME COORDINATION COMPOUNDS sensitizer can induce redox decomposition, when the energy available is far less than that of the nearest CT band of the complex and when lightofthat energy will not directly cause photolysis? A possible explanation is that there exists a set of CT triplet excited states of the complex, not observed spectroscopically, but none the less expected theoreticallyl, and that the energy transfer is from sensitizer triplet to produce a CT triplet excited state of the complex. Here, then, is an example of how the nature of an induced photochemical reaction may be diagnostic of the type of excited state involved. The above Observations also lend some indirect support to the suggestion mentioned earlier that energy transfer to a CT state occurs when oxalato complexes are irradiated in the region oftheir Iigand field bands. Intramolecular energy transfer has also been observed, again in the case of a Co(III) complex. The spectra for a series of Co(NHa)5(00CR)2+ ions are shown in Figure 14 ; all have an absorptionband around 350 IDf-t, although perhaps only coincidentally. That for R = CHa may be due to an L 2 band, while that for R = trans-stilbene is probably largely derived from a toluenic singlet state. 72 three carboxylate complexes give Co(II) and the free acid, 73 with ammonia, and in some cases the carboxylate Iigand oxidized. The point of interest is that an absorption band mainly centred within the ligand, as it appears to be in the case of R = stilbene, leads to photolysis involving the cobalt centre. The fluorescence observed in the free ligand also is largely quenched on coordination. The implication of these observations is thus that some form of intra molecular energy transfer occurs. The field of exci ta tion energy transfer a ppears to be a very promising one, and there is little doubt that a rapid development of it will occur.
PHOTOCHROMISM
I t would not be a ppropria te to concl ude this pa per wi thou t some mention of photochromism in coordination compound photochemistry, in view of the important early work on organic photochromic systems in Israe174. The general subject has been reviewed recently, 75 however, and the discussion here can be brief.
The essential requirement for a photochromic system is that the photochemical reaction be complemented by a reverse thermal process,-so that the colour change induced by light reverts in the dark. The prototype reaction is thus:
hv, kt A _ _ B (9) k_l Evidently, a photostationary state will exist in which the photochemical (plus thermal) forward reaction is balanced by the reverse dark reaction.
The thermodynamic equilibrium constant, K = k1/ k-1 can then be compared to a corresponding pseudo-equilibrium constant, Ks, for the photostationary state. One can write in a formal way: Ks = k1 (app)/k-1 (10) where k1(app) is the apparent rate constant for the photochemical reaction. The simplest case is that in which the incident light intensity is not appreciably attenuated by absorption; one then finds (11) where the constant rx is determined by the irradiation geometry, EA is the molar extinction coefficient of A, Io, the incident intensity in einstein/sec, and V, the volume of the solution. For Ks tobelarge it is evidently desirable that both EA and c/>A be large (and, of course, Io).
A further possibility, fairly common with coordination compounds, isthat the back reaction may also be photoaccelerated, and in the limiting case in which both photoreactions dominate over the thermal processes) equation ( 11) becomes :
As a simple example, Cr(C 2 04)33-photoracemizes,36 and if a racemic solution were to be irradiated with circularly polarized light, a photostationary state would be reached which would have a net optical activity. 5 4 Here K 8 = EA/EA since the quantum yields should be the same. This effect has recently been demonstrated to occur. 76 Since the photostationary state differs from the equilibrium one, a free energy difference can be wri tten, defined as LI G 8 = R Tln (Ks/ K), and further expressed as a sum of enthalpic and entropic contributions:
While the photostationary state is a dissipative one to which simple Second Law equations do not apply, the above formulation allows some distinction tobe made between types ofphotochromic systems. Thus the above example of Cr(C 2 04) 3 3-is one for which LIG 2 derives entirely from the entropy term.
Several systems involving coordination compounds have been found tobe photochromic.62, 77, 48, 78 Thus irradiation of 0·01 M Cr(CN)63-in 0·1 1 M cyanide ion produces a photostationary state involving mainly Cr(CH)3(H20)a; in the dark the system reverts largely to Cr(CN)4(H20)2-. Similarly Co(CN)si3-in concentrated iodide solution photolyzes to Co(CN)s(H20)2-, and returns in the dark. An analogaus sequence occurs with Cr(H 2 0) 5 (NCS)2+.49 There is a number of probably photosensitive complexes for which k-1 may be quite large so that the photostationary state ordinarily obtainable lies so far to the left of equation (9) that no photolysis appears to occur. Such labile complexes may thus incorrectly be reported nottobe photosensitive. Complexes of divalent transitionmetals may weil fall within this category, and such systems need to receive some special attention, possibly using flash photolysis techniques.
The chelates formed by the Iigand dithizone, HDz-= (C6H4N NC(S)= NNHC6H5), may show photochromism. This is true in particular of the complexes Hg(HDz)2 and Pd(HDz)2. 79 The mercury complex is known to be square planar,so, 81 and the structure is shown in Figure 15 dinary form is yellow-orange in benzene solution and on irradiation changes to blue, as illustrated in Figure 16 ; the proposed structure of the blue form is included in Figure 15 . This system, incidentally, represents one of the few known examples of photosensitivity involving the fourth type of absorption band mentioned in the Introduction, namely absorptioncentred in a chelate ring system. Chelate complexes of this type, while often highly coloured, 49 P.A.C.-E rarely seem to be photosensitive. This is true, for example, of the large family of B diketone complexes. Finally, a brief mention of energy production from photochromic systems might be made. The above illustration of photochromism are ones for which LlG 8 is exclusively or largely derived from the entropy term of equation 13. I t would be desirable to find systems for which LlH 8 was large, as might be the case for redox cycles of the type : 
where Oxid and Red denote the oxidized and reduced forms of some nonphotolysis redox complex. lf the reaction between A + and Red is slow, then the possibility of a photochemical cell exists. So far none involving coordination compounds seems to have been reported, although systems, in which Ais Fe(CN)6 4 -and Oxid is a redox dye such as methylene blue, have shown some indications of conforming to the desired pattern8 2 •
